Deletion of the gene for protein L27 from the E. coli chromosome results in severe defects in cell growth. This deficiency is corrected by the expression of wild-type (wt) protein L27 from a plasmid. Examination of strains expressing L27 variants truncated at the N terminus reveals that the absence of as few as three amino acids leads to a decrease in growth rate, an impairment in peptidyl transferase activity, and a sharp decline in the labeling of L27 from the 3 0 end of a photoreactive tRNA at the ribosomal P site. These findings suggest that the flexible N-terminal sequence of L27, which protrudes onto the interface of the bacterial 50S subunit, can reach the peptidyl transferase active site and contribute to its function, possibly by helping to correctly position tRNA substrates at the catalytic site.
Introduction
Crystallographic studies have revealed that the major functions of the ribosome are carried out primarily by its RNA components (Ramakrishnan, 2002) . In particular, the only chemical reactions that are directly catalyzed by the ribosome, peptide bond formation and peptide release, both occur at the peptidyl transferase center of the 50S subunit and appear to be promoted by RNA (Ban et al., 2000; Harms et al., 2001 ). However, although ribozymes capable of catalyzing peptide bond formation have been successfully selected (Zhang and Cech, 1997) , all attempts to demonstrate this activity by using isolated, protein-free ribosomal RNA have so far failed (Khaitovich et al., 1999a (Khaitovich et al., , 1999b Khaitovich and Mankin, 2000) . Thus, it is possible that ribosomal proteins contribute directly to ribosome function even though their main tasks seem to lie in helping the rRNA to fold intoand maintain-its active conformation.
Numerous lines of evidence suggest that protein L27 is closely associated with the peptidyl transferase center of the Escherichia coli 50S ribosomal subunit. Early structural studies placed L27 at the base of the central protuberance of the 50S subunit (Lotti et al., 1987) in close association with domain V of the 23S rRNA (Wower et al., 1981; Gulle et al., 1988; Osswald et al., 1990; Øster-gaard et al., 1998) . At the same time, it was found that several inhibitors of peptidyl transferase activity could be crosslinked to L27 (Sonenberg et al., 1973; Tejedor and Ballesta, 1985; Aré valo et al., 1989; Bischof et al., 1995; Colca et al., 2003) , among which was puromycin (Nicholson and Cooperman, 1978) , a mimic of the aminoacyl-adenosine moiety of aminoacyl-RNA, which serves as an acceptor substrate in the peptidyl transferase reaction (Monroe and Marcker, 1967) . Protein L27 was also identified as a component of the peptidyl transferase center by using a photoaffinity approach (Wower et al., , 1995 . Incorporation of 2-azidoadenosine (2N 3 ) at the 3 0 terminus of tRNA Phe yields a photoreactive derivative, [2N 3 A76]tRNA Phe , that can be aminoacylated, will bind to ribosomes, is able to participate in peptide bond formation, and when excited with near-UV light, can form 2-3 Å crosslinks to neighboring sites in ribosomal proteins and RNA. [2N 3 A76]tRNA
Phe and its aminoacylated derivatives label protein L27 and nucleotides U2506 and U2585 of the 23S rRNA when bound to the ribosomal A and P sites (Wower et al., 2000) , whereas protein L33 is crosslinked from E site bound tRNA (Wower et al., 1993; Kirillov et al., 2002) .
A further indication that protein L27 plays an important functional role at the peptidyl transferase active site has been provided by studies of a mutant E. coli strain that lacks L27 (Wower et al., 1998) . Deletion of the gene for this protein led to a severe growth defect, a sharp decline in peptidyl transferase activity, and a decrease in the binding of aminoacyl-tRNA to the A site. These dramatic effects suggest that L27, the most basic protein in the E. coli ribosome, may facilitate peptide bond formation by influencing the organization of the 23S rRNA, or helping to position the tRNA molecules, at the peptidyl transferase center.
Although there is abundant biochemical and genetic evidence that places protein L27 at the heart of the peptidyl transferase active site, the crystal structure of the 50S subunit from the archaeon Haloarcula marismortui did not reveal the presence of any proteins within 18 Å of the site of peptide bond formation (Ban et al., 2000) . However, there is no homolog of L27 in the archaeal ribosome. In contrast, protein L27 has been located in the crystal structure of the 50S subunit from the bacterium Deinococcus radiodurans (Harms et al., 2001) . Its globular C-terminal domain is partially buried below the central protuberance, whereas its unstructured N-terminal segment emerges onto the subunit interface and extends toward the peptidyl transferase center. As the N-terminal sequence is disordered in the crystal structure, its actual disposition relative to the tRNA in translating ribosomes remains unclear.
To investigate the position and role of protein L27 in the peptidyl transferase center of the E. coli ribosome, we prepared a series of mutants lacking up to 20 amino acids from the N terminus and expressed the truncated L27 proteins in a strain from which the chromosomal L27 gene had been deleted (Wower et al., 1998) . The effects of the N-terminal truncations on cell growth, peptidyl transferase activity, and crosslinking to peptidyl-tRNA analogs bound at the ribosomal P site are consistent with the close proximity of the N-terminal sequence of protein L27 to the peptidyl transferase active site and the probable involvement of this sequence in peptidyl transferase function.
Results

Effects of Mutant L27 Proteins on Cell Growth
The pL27 plasmid carrying the wt E. coli L27 protein gene (rpmA) was constructed by inserting the PCRamplified gene, together with its native Shine-Dalgarno region, into the pPOT1AE vector under the control of the IPTG-inducible Ptac promoter. Truncated versions of the L27 gene lacking codons 2-4 (pL27-3), 2-7 (pL27-6), 2-10 (pL27-9), and 2-21 (pL27-20) were engineered in the same vector. The plasmids encoding wt and mutant L27 were introduced into the L27 deletion strain IW312, and the doubling times of the transformants were measured in liquid medium containing 1 mM IPTG (Table 1) . Whereas IW312, as well as IW312 transformed with pPOT1AE (the empty vector), grew very slowly, IW312 cells harboring plasmid pL27, which encodes full-length L27, exhibited a marked increase in growth rate. The gains were notably smaller in the presence of the 23, 26, and 29 variants, however, and expression of the 220 truncation conferred no improvement in growth rate.
Incorporation of Mutant L27 into Tight-Couple Ribosomes
To verify that the truncated versions of L27 are incorporated into mature ribosomes, proteins were extracted from tight-couple 70S ribosomes prepared from cells expressing wt and mutant L27 constructs and separated by two-dimensional (2D) PAGE (Figure 1 ). For each mutant, a spot representing L27 can be detected, demonstrating that truncated L27 can be incorporated into 50S subunits that associate with 30S subunits to form 70S ribosomes. The truncated L27 proteins show a ''southwest'' shift in mobility as expected from their progressive loss of mass and reduction in overall positive charge ( Table 1) . Densitometry of the scanned gels indicates that wt L27 is approximately stoichiometric in ribosomes from strain IW312 pL27 and that truncation of the protein by three, six, or nine amino acids results in only a modest decrease in incorporation relative to the full-length protein (Table 1) . Even when 20 N-terminal amino acids were removed, the incorporation of L27 was still 56% of that of the full-length protein. Measurement of the molecular masses of the truncated L27 proteins by MALDI-MS showed that the N-terminal methionine was retained in the 23 and 29 mutants but removed in the 26 and 220 mutants (Table 1) , as expected (Flinta et al., 1986) . 
Peptidyl Transferase Activity
Having established that truncated versions of L27 are incorporated into the ribosome at levels comparable to that of the wt protein, we analyzed the effects of the L27 truncations on the catalysis of peptide bond formation. The peptidyl transferase activity of the ribosomes was measured by using the scintillation proximity assay for ribosomal kinetics (SPARK) technique (Polacek et al., 2002 ), which utilizes [ 3 H]-fMet-tRNA as a donor substrate and biotin-puromycin as an acceptor substrate. Ribosomes (0.4 mM) were preincubated with AUGcontaining synthetic mRNA (1.3 mM) and the donor substrate [
3 H]-fMet-tRNA (0.8 mM), and the reaction was initiated by the addition of biotin-puromycin to a final concentration of 1 mM. In a buffer containing 30 mM MgCl 2 , the overall rate of puromycin reaction on ribosomes containing L27 that lacked as few as three Nterminal amino acids was significantly reduced compared to those containing wt L27 (Figure 2) . A similar decrease in the reaction rate of the 23 mutant was observed in control experiments carried out with 1 mM unmodified puromycin (histogram, Figure 2 ). These results demonstrate that L27 truncation impairs the function of the peptidyl transferase center and suggest that the main contribution of L27 to peptidyl transferase activity is associated with its three N-terminal amino acids.
Binding and Crosslinking tRNA to Mutant Ribosomes
To assess the proximity of the N terminus of protein L27 to the peptidyl transferase center, we investigated the ability of a tRNA derivative containing the photoreactive nucleotide 2N 3 A at its 3 0 end to crosslink to 23S rRNA and the truncated proteins at the catalytic site.
Phe (150 nM) was bound to an excess of 70S tight-couple ribosomes (600 nM) from parental and mutant strains. Under these conditions, the majority of deacylated tRNA binds to the ribosomal P site, although some slippage into the P/E or E site is expected (Rheinberger et al., 1981; Agrawal et al., 1999) . The extent of noncovalent tRNA binding was found to be nearly identical for ribosomes from all strains (Table 1) . This result is consistent with the observation that deletion of L27 does not significantly affect the affinity of tRNA for the ribosomal P site (Wower et al., 1998) . The tRNA was covalently crosslinked to the ribosomes by irradiation at 300 nm. Separation of the ribosomal subunits by sucrose-gradient centrifugation at 0.25 mM Mg 2+ and analysis of the radioactivity in each fraction showed that the crosslinked tRNA was associated exclusively with the 50S subunits, thereby verifying the specificity of tRNA-ribosome interaction in the irradiated complexes.
A similar amount of tRNA was crosslinked to 23S rRNA in the wt and mutant ribosomes ( Figure 3A ), indicating that the mode of tRNA-ribosome interaction was likely to be the same in all cases. In contrast, crosslinks between tRNA and ribosomal proteins are prominent only in the samples from LG90, the wt strain, and IW312 pL27, the deletion strain expressing full-length L27. A small amount of uncrosslinked tRNA that copurified with the 50S subunits, visible at the bottom of the gel, serves as a loading control.
Analysis of the crosslinks to 23S rRNA by primer extension revealed that nucleotides 2506 and 2585 were labeled in all cases (data not shown (Wower et al., 2000) and confirm that the 3 0 end of the tRNA probe was at the active site of the peptidyl transferase center, because both of the crosslinked nucleotides have been located in immediate proximity to that site in the crystal structures of bacterial and archaeal 50S subunits (Nissen et al., 2000; Harms et al., 2001) .
To characterize the tRNA-protein crosslinks, 50S subunits were digested with S1 nuclease under denaturing conditions. This procedure degrades the tRNA to single nucleotides, releasing 32 P labeled protein-AMP conjugates from the 3 0 end. PAGE analysis of these digests revealed prominent bands corresponding to labeled L27 in ribosomes from strains LG90 and IW312 pL27 ( Figure  3B ), but not in samples from strains IW312 or IW312 pPOT1AE, which do not contain L27. A less intensely labeled band that migrates below the L27-AMP conjugate was previously identified as L33, an E site marker that becomes labeled by limited spillover of deacylated tRNA from the P site to the P/E or E site (Wower et al., 1998; Kirillov et al., 2002) .
Truncation of L27 by three amino acids causes a precipitous decline in the intensity L27 labeling, which is further reduced in ribosomes containing the L27(26) protein ( Figure 3B ). Upon removal of nine amino acids from the N terminus of L27, the mobility of the truncated L27-AMP conjugate approaches that of the L33-AMP conjugate from which it cannot be distinguished in the one-dimensional gel system. 2D electrophoresis was therefore employed to establish the presence or absence of crosslinked L27 in ribosomes containing the L27(29) and L27(220) mutant proteins.
One-dimensional gels of ribosomal proteins from IW312 pL27 revealed the presence of both L27-AMP and L33-AMP ( Figure 3B ). In the phosphorimager scan of Figure 3C , these appear as two radioactive spots that migrate ''northwest'' of the corresponding stained protein spots. IW312 ribosomes, which contain only the L33-AMP conjugate, yield only one radioactive spot, immediately ''northwest'' of the stained spot corresponding to L33. This radioactive spot identifies the labeled L33 complex and confirms that the radioactive spot above and to the left of it in the sample from IW312 pL27 is L27-AMP. Similar analyses of crosslinked ribosomes containing L27(23), L27(26), and L27 (29) showed a strong L33-AMP spot and a weak L27-AMP spot, demonstrating that some residual crosslinking to L27 persists even when its first nine amino acids have been removed. Ribosomes containing L27(220) yield only one radioactive spot corresponding to labeled L33, showing that crosslinking to L27 has been abolished by this truncation. The results of the crosslinking analysis are summarized in Figure 4 , where the extent of crosslinking to 23S rRNA, protein L27, and protein L33 in ribosomes from the wt and mutant strains are presented as a percentage of the tRNA noncovalently bound to the ribosomes before irradiation. It is strikingly clear that the three N-terminal amino acids of L27 are critical for crosslinking from the acceptor end of tRNA and must therefore spend at least some time at the peptidyl transferase center.
Discussion
In this report, we present evidence that the N terminus of ribosomal protein L27 is located in close proximity to the peptidyl transferase active site of the E. coli ribosome where it may contribute to peptide bond formation. Deletion of the gene for L27 leads to severe defects in cell growth and 50S-subunit assembly, and the ribosomes produced in such strains exhibit sharply reduced peptidyl transferase activity (Wower et al., 1998; present work) . The expression of wt L27 from a plasmid in these bacteria improves growth and restores near-normal levels of peptidyl transferase activity. In contrast, we show here that the expression of mutant versions of L27 truncated by 3-20 amino acids at the N terminus fails to restore growth and peptidyl transferase activity. We conclude that the N-terminal sequence of protein L27 (C) Two-dimensional PAGE of protein-AMP adducts from crosslinked 50S subunits. Crosslinked subunits were digested with S1 nuclease and mixed with carrier ribosomal proteins from strain MRE600. The carrier protein spots were visualized by staining with Coomassie blue. The positions of radiolabeled protein-AMP adducts were determined by an overlay of a gel phosphorimage. Each gel is labeled with the strain used as the source of the crosslinked 50S subunits. The positions of proteins L27 and L33 stained with Coomassie blue, as well as their radioactive adducts, are indicated.
stimulates overall peptidyl transferase activity and optimizes cell growth. The functional importance of the N terminus of protein L27 is attributable to its proximity to the peptidyl transferase active site. One of the key findings that positions the L27 N terminus at the peptidyl transferase center is that it can be crosslinked from the 3 0 end of [2N 3 A76]tRNA
Phe at the ribosomal P site. The accurate placement of the tRNA is validated by the following evidence. (1) Deacylated tRNA has a far higher affinity for the ribosomal P site than for the A or E sites (Rheinberger et al., 1981; Fahlman and Uhlenbeck, 2004) , and genetic, biochemical, and crystallographic data have all shown that its 3 0 terminus binds predominantly to the P site of the peptidyl transferase center (Moazed and Noller, 1989; Porse et al., 1996; Bocchetta et al., 1998) . (2) Upon UV irradiation, the 3 0 end of [2N 3 A76]tRNA Phe labels U2506 and U2585 (Wower et al., 2000) , two nucleotides in the 23S rRNA that have been mapped to the peptidyl transferase active site by biochemical and crystallographic studies (Barta et al., 1984; Moazed and Noller, 1989; Bocchetta et al., 1998; Yusupov et al., 2001; Schmeing et al., 2002) 
Phe -an analog of peptidyl tRNA-reacts with puromycin after crosslinking to the ribosomal P site, confirming that the crosslinked tRNA derivative remains correctly positioned for peptidyl transfer . (4) Our preliminary results show that tRNA-p-Puro, a photoreactive transition-state analog which spans the peptidyl transferase center, labels L27 and its truncated derivatives in much the same proportions as the nonaminoacylated tRNA but does not label L33 because the 3 0 end of the tRNA in tRNA-p-Puro is fixed in the P site (A.P. Sinyavska, A.V. Manuilov, and R.A.Z., unpublished data). We therefore conclude that most of the photoreactive tRNA analog used in the present experiments was bound to the 50S-subunit P site.
Although L27 was the main protein crosslinked by [2N 3 A76]tRNA
Phe from the P site of wt ribosomes, the use of deacylated tRNA in such assays results in some labeling of protein L33 as well, owing to the spillover of 5%-10% of the tRNA into the P/E or E site (Wower et al., 1993; Kirillov et al., 2002) . Our analysis of ribosomes containing truncated versions of L27 showed that there was little if any redistribution of tRNA between the P and E sites, as crosslinking to 23S rRNA and protein L33 remained at roughly the same level (5.5%-8.5% and 0.5%-0.9%, respectively), whereas crosslinking to L27 decreased dramatically with the length of the deleted sequence (see Figure 4) . As the proteins truncated by 23, 26, and 29 amino acids all assemble into 50S subunits at levels approaching that of the full-length protein, the sharp decrease in crosslinking cannot be merely an indirect consequence of their reduced incorporation into ribosomal particles. Differences in the efficiency of tRNA binding can also be eliminated as a source of reduced crosslinking because the noncovalent binding of [2N 3 A76]tRNA
Phe to the ribosomal P site was virtually equivalent in all cases. Therefore, the most straightforward explanation of these results is that crosslinks from the 3 0 end of P site tRNA primarily target the three N-terminal amino acids of L27.
Although our experiments have revealed the functional significance of the N-terminal sequence of protein L27, its precise role is not yet clear. Given its proximity to the 3 0 end of tRNA at the peptidyl transferase active site, as well as the effects of the truncation mutants on peptide bond formation, the N-terminal sequence is likely to be an integral and functional component of the peptidyl transferase center. Our crosslinking data suggest that the L27 N terminus may interact directly with the 3 0 ends of tRNA ligands, perhaps helping to place them in the proper orientation for peptidyl transfer. This view is consistent with the notion that the ribosome accelerates peptide bond formation mainly through the correct positioning of the aminoacyl-and peptidyl-tRNA substrates (Nierhaus et al., 1980; Polacek et al., 2001 Polacek et al., , 2003 Thompson et al., 2001; Youngman et al., 2004; Sievers et al., 2004) . Interestingly, it has recently been shown that the bacterial ribosome recycling factor contacts several nucleotides involved in tRNA positioning, as well as protein L27, at the peptidyl transferase center (Wilson et al., 2005) .
In the 50S subunits of both H. marismortui and D. radiodurans, most ribosomal proteins are characterized by globular domains located at the surface of the particle with extended regions that project inward to stabilize the RNA core (Ban et al., 2000; Harms et al., 2001 ). Protein L27, which is present in the bacterial, but not the archaeal, 50S subunit exhibits an atypical arrangement, with a globular C-terminal domain that is partially buried and an extended N-terminal domain with its 12 N-terminal residues, Ala2-Gly13, exposed on the subunit interface surface ( Figure 5 ). The published structure indicates that the N terminus of L27 is situated some 40 Å from the cluster of nucleotides-A2451, U2506, and U2585-that define the locus of peptide bond formation (Harms et al., 2001) . However, roughly half of the [2N 3 A76]tRNA
Phe crosslinked from the P site targets protein L27. Furthermore, a number of antibiotics whose binding to the peptidyl transferase center is firmly established have been found to crosslink to protein L27 both in vitro (Sonenberg et al., 1973; Tejedor and Ballesta, 1985; Aré valo et al., 1989; Bischof et al., 1995) and in vivo (Colca et al., 2003) . Because the nitrenes formed by photoactivation of 2N 3 A form crosslinks only 2-3 Å in length, the position of the N terminus of L27 in the D. radiodurans Crosslinking of tRNA to proteins L27 and L33, and to 23S rRNA, is expressed as a percentage of the total tRNA bound to ribosomes. Values represent the average of four experiments; the standard deviations for the tRNA-23S, tRNA-L27, and tRNA-L33 adducts were 0.21-1.74, 0.13-0.81, and 0.09-0.51, respectively. crystal structure does not appear to be compatible with the crosslinking data. We propose, therefore, that in the functionally active ribosome, the unstructured-and possibly flexible-N-terminal tail of L27 is capable of reaching into the peptidyl transferase center, at least in one of the conformations the ribosome assumes during the translation cycle. Indeed, in the fully extended conformation, the exposed portion of the N-terminal sequence could span the 40 Å distance from the Ca of Gly13, where the polypeptide chain emerges onto the subunit interface, to the N3 atom of nucleotide A2541. This conclusion is indirectly supported by our RNA probing data that showed that removal of as few as three amino acids from the N terminus of L27 affects the exposure of several nucleotides in the peptidyl transferase center, as shown by a decrease in the sensitivity of the U2449-A2550 phosphodiester bond to nuclease and an increase in the accessibility of A2572 to dimethyl sulfate (data not shown).
The results presented here provide strong evidence that the N-terminal segment of protein L27 is an integral, functional component of the peptidyl transferase center of the E. coli ribosome. Although L27 is present in bacterial 50S subunits, there is no protein homologous to L27 in 50S subunits from the archaeon H. marismortui (Ban et al., 2000) . The C-terminal domain of H. marismortui protein L21e has a fold and location similar to that of D. radiodurans L27 (Harms et al., 2001; Yonath, 2002) , but the unstructured N terminus of L21e points away from the subunit interface and does not extend onto its surface (Ban et al., 2000) . The presence of L27 at the peptidyl transferase center may therefore be a feature that distinguishes bacterial ribosomes from those of archaea. In this view, the involvement of L27 may reflect nature's attempt to ''improve'' the function of the basic RNA translation machine through the use of a new and versatile protein accessory.
Experimental Procedures Materials
Yeast tRNA Phe , poly(U), and BSA were purchased from Sigma. Restriction enzymes were from MBI Fermentas, T4 RNA ligase was from Epicentre Technologies, calf intestinal alkaline phosphatase was from Pharmacia, and S1 nuclease was from Promega Corp. 
Plasmid Construction
The wt gene for protein L27 (rpmA) was amplified by PCR from the chromosome of E. coli JM109 cells using the 5 0 primer L27Afl (5 0 -GCGCTTAAGACCTGAGGA-3 0 ) and the 3 0 primer L27Eco (5 0 -GGGAATTCATCCGTTACCG-3 0 ), which contained restriction sites for AflII and EcoR1, respectively. The PCR product, which encompassed the entire L27 gene, including the Shine-Dalgarno region, was cloned into the vector pPOT1AE (Tenson et al., 1997) , previously cleaved with AflII and EcoR1. In the resulting plasmid, pL27, transcription of the L27 gene is controlled by the IPTG-inducible Ptac promoter of pPOT1AE. Versions of the L27 gene that lack codons 2-4 (pL27-3), 2-7 (pL27-6), 2-10 (pL27-9), and 2-21 (pL27-20) were produced by amplifying the L27 gene using the 3 0 primer L27Eco and a 5 0 primer that introduced the corresponding deletions. The PCR fragments that resulted were ligated to the AflII and EcoR1 sites of pPOT1AE. The sequence from the AflII cloning site to the initiator ATG codon of both wt and truncated L27 genes was the same in all of Atoms are rendered as space filled; only the Ca coordinates are available for the proteins. The N terminus of protein L27 is colored red, and the C terminus is green. Amino acids 2, 5, 8, and 11, which after removal of fMet residue are N-terminal in wt L27 and in the 23, 26, and 29 derivatives, respectively, are indicated. The 220 truncation lacks the entire segment in red. Nucleotides that correspond to A2451, U2506, and U2585 in the 23S rRNA of E. coli are colored cyan, blue, and magenta, respectively. The rest of the ribosome is rendered in translucent gray. The view in (A) is from the subunit interface side, with the L7/L12 stalk on the right and the central protuberance (CP) in the center. In (B), the subunit is viewed from the side of the L7/L12 stalk, with the nearest section cut away for clarity. Figures were generated from PDB file 1KPJ (Harms et al., 2001 ) by using Protein Explorer (http://www.proteinexplorer.org).
the clones. The entire insert in each of the plasmids was sequenced and found to be correct.
Growth of Strains
Strains LG90 (Guarente and Ptashne, 1981) , IW312 (Wower et al., 1998) , and IW312 transformed with pPOT1AE vectors were grown at 37ºC with agitation in liquid LB medium or on LB agar plates. Media contained 50 mg/ml of ampicillin and 50 mg/ml of kanamycin, as appropriate, and 1 mM IPTG.
Preparation of 70S Tight-Couple Ribosomes
For the isolation of tight-couple 70S ribosomes, 1 liter cultures were grown from an OD 600 of 0.05 to an OD 600 of 0.5, harvested, broken by grinding with alumina, and further processed as described by Rheinberger et al. (1988) . Tight-couple ribosomes were isolated by centrifugation through 15%-30% (w/v) sucrose gradients in 10 mM Tris-HCl, (pH 7.0), 6 mM MgCl 2 , 30 mM NH 4 Cl, and 4 mM bmercaptoethanol in a Beckman SW28 rotor at 20,000 rev/min for 20 hr at 4ºC and fractionated.
Electrophoresis of Ribosomal Proteins
Extraction of ribosomal proteins from 70S ribosomes and 1D and 2D PAGE were performed as described (Maguire et al., 2001) , except that the latter employed the pH 8.6 first-dimension gel of Madjar et al. (1979) . Images of stained gels were captured by using a Kodak DC290 digital camera and the Kodak ID LE program. The background was subtracted in NIH ImageJ, and the stain in the spot corresponding to L27, as well as in the total ribosomal protein in the gel, was quantitated. Ratios of L27 to total protein in gels of ribosomal proteins from different strains were compared.
MALDI-MS
Ribosomal proteins were prepared from tight-couple ribosomes as described by Arnold and Reilly (1999) , then cleaned further with a C4 ZipTip (Millipore) according to the manufacturer's instructions for MALDI, with elution by a saturated solution of a-cyano-cinnamic acid in 80% acetonitrile. One to two microliters of the resulting solution, containing 6 pmol of each protein, were spotted on a target. Samples were analyzed in the linear positive ion mode in a Voyager DE Star spectrometer (Applied Biosystems). The expected mass accuracy was 60.1%. All measured masses were within six mass units of the predicted values.
Peptidyl Transferase Assay
The SPARK-puromycin assay was performed according to Polacek et al. (2002) . 12 pmol of 70S ribosomes were mixed with 38 pmol of mRNA (5 0 -AAGGAGAUAAACAAUGGGU-3 0 ) and 24 pmol (5900 cpm/ pmol) of [ 3 H]-fMet-tRNA in 28 ml of RB30 buffer (20 mM Hepes-KOH, [pH 7.6], 30 mM MgAc 2 , 150 mM NH 4 Cl, 4 mM b-mercaptoethanol, 2 mM spermidine, and 0.05 mM spermine). After incubation for 15 min at 37ºC, 1.2 ml (30 pmol) of biotin-puromycin (Polacek et al., 2002) were added and incubation was continued for 15-195 min at 37ºC. The reactions were terminated by the addition of 60 ml of stop solution (phosphate-buffered saline with 125 mM EDTA) containing 0.23 mg of SPA beads (Amersham, catalog number RPNQ0007) and counted directly in a scintillation counter. Conversion of the resulting counts into pmol of reacted tRNA was based on the assumption that detection of radioactivity with SPA beads is 35% as efficient as conventional scintillation counting and on the notion that SPARK is essentially a single turnover reaction because of the slow product release (Polacek et al., 2002) . In the standard puromycin assay (Blaha et al., 2000) , 15 pmol of 70S ribosomes were combined on ice with 38 pmol of mRNA (5 0 -AAGGAGAUAAAC AAUGGGU-3 0 ) and 1 pmol (7500 cts/min) of f[ 35 S]Met-tRNA in 25 ml of RB30 buffer. After incubation for 15 min at 37ºC, neutralized puromycin was added to a final concentration of 1 mM and incubation was continued for 30-120 s. The reactions were quenched by the addition of 30 ml of 1 M KOH followed by a further incubation for 10 min at 37ºC. The solution was neutralized by adding 67 ml of 1 M KH 2 PO 4 , and f[
35 S]Met-puromycin was extracted into 1 ml of ethyl acetate. After separation of the phases, 800 ml of the organic phase were combined with 10 ml of scintillation cocktail and counted in a scintillation counter.
Preparation of tRNA [5 0 -32 P]p2N 3 Ap was generated and ligated to the 3 0 end of yeast tRNA Phe lacking A76 essentially as described (Wower et al., 1988; Sylvers et al., 1989) . The resulting 32 P labeled p[2N 3 A76]tRNA was extracted, treated with calf intestinal alkaline phosphatase to remove the 3 0 phosphate, and purified by denaturing PAGE on an 8% acrylamide gel in 6 M urea and TBE buffer (100 mM Tris, 100 mM boric acid, and 2.5 mM EDTA, [pH 8.3] ). The tRNA band was excised, extracted overnight with 0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, and 0.1% (w/v) SDS, and precipitated with ethanol.
Formation and Crosslinking tRNA-Ribosome Complexes
Binding of tRNA to the P site of 70S tight-couple ribosomes was performed in 100-200 ml reaction mixtures according to Wower et al. (1988) , except that the mixtures contained 40 mg/ml poly(U). The extent of tRNA binding was checked by a nitrocellulose filter assay. Samples were crosslinked by irradiation at 300 nm in a Rayonet photochemical reactor, precipitated with ethanol, and resuspended in 10 mM Tris-HCl, (pH 7.5), 50 mM KCl, 0.25 mM MgCl 2 , and 7 mM b-mercaptoethanol to dissociate the subunits, which were then separated by sucrose-gradient centrifugation. Fractions corresponding to the 50S subunits were pooled, twice precipitated with ethanol, and resuspended in 6 M urea, 50 mM Na acetate, (pH 4.5), 1 mM ZnCl 2 , 100 mM NaCl, and 0.1% (w/v) SDS.
Analysis of Crosslinked tRNA-Ribosome Complexes
To estimate the proportion of tRNA that was covalently bound to 23S rRNA or to ribosomal proteins, a portion of the crosslinked sample was subjected to SDS-PAGE on a 10% polyacrylamide gel. The gel was dried and radioactivity quantitated by phosphorimaging. To determine the amount of tRNA crosslinked to proteins L27 and L33 individually, 10 U of S1 nuclease were added per ml of sample and the mixture was incubated at 37ºC for 2 hr. The samples were then electrophoresed and analyzed as above, using a 15% polyacrylamide gel. In some experiments, an aliquot was also mixed with carrier proteins from 70S ribosomes of E. coli strain MRE600 and electrophoresed on 2D gels. The carrier proteins were visualized by staining with Coomassie brilliant blue, and the radiolabeled protein-nucleotide conjugates were located and quantitated by phosphorimaging. As expected, covalent attachment of adenosine 5 0 monophosphate to the proteins resulted in a northwest shift in their mobility due to the increase in mass and the addition of a negative charge.
